ABSTRACT: Regenerated silkworm fibers spun through a wetspinning process followed by an immersion postspinning drawing step show a work to fracture comparable with that of natural silkworm silk fibers in a wide range of spinning conditions. The mechanical behavior and microstructure of these high performance fibers have been characterized, and compared with those fibers produced through conventional spinning conditions. The comparison reveals that both sets of fibers share a common semicrystalline microstructure, but significant differen-
INTRODUCTION Biomimetics has emerged as the discipline that intends to expand and organize the knowledge required to regain the singular properties of biological materials and structures in artificial systems. 1 The development of the field has shown that this objective cannot be the result of simply learning how to copy the building blocks and mechanisms of natural processes. Instead, it is commonly accepted that it must be the result of gaining a deep understanding on the principles involved in the organization of the biological constituents and their interactions. However, the fulfilment of this basic program has revealed itself as extremely involved, not only due to the difficulties associated with the study of each individual level of organization and processing, but also due to their subtle interplay.
The production of artificial fibers inspired in natural silks represents a paradigmatic example of these difficulties. Natural silk fibers are the result of a balanced combination between carefully tailored compositions and highly sophisticated spinning glandular systems. The singularities of the proteins that form silk, known generically as fibroins, 2, 3 include their large molecular weight, 3, 4 the large amount of the small amino acids glycine and alanine 5 and, even more strikingly, the conservation of their main motifs and overall organization for a period of over 100 million years. 6 Besides, the formation of the solid ces are apparent in the amorphous region. Besides, high performance fibers show a ground state and the possibility of tuning their tensile behavior. These properties are characteristic of spider silk and not of natural silkworm silk, despite both regenerated and natural silkworm silk share a common composition different from that of spider silk.
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fiber from the initial protein dope apparently involves the organization of the proteins in a liquid crystalline phase, 7, 8 and probably a number of steps in which the pH and ionic concentration of the dope change along the gland. 913 In this context, the synthesis of artificial bioinspired fibers must face a number of severe limitations that prevents the simplistic copy of the natural system. Thus, genetic engineering techniques only allow cloning proteins with a molecular weight that goes typically from one fifth to one third of that observed in natural fibroins. 14 This limitation requires establishing previous hypothesis on which parts of the natural protein are essential for their performance and how they should be organized, 15, 16 to decide the sequence of bioinspired silk proteins. Complicated as this choice may be, the situation is even more involved with regard to the development of the artificial spinning process. Although there are some reports of microfluidic devices that allow the modification of the pH of the dope during spinning, 15, 17 most processes are based on the wet-spinning technique, 18 which requires the formation of a spinnable dope that solidifies into a fiber in a coagulating bath.
The relative ease with which silkworm silk fibroin can be obtained in comparison with spider silk fibroins has stimulated the development of artificial spinning systems to produce regenerated silkworm silk fibroin fibers. In addition, the study of regenerated fibers just leaves one basic unknown (processing), whereas the other (composition) is the same as in the natural material. The procedures for spinning regenerated fibers differ essentially in the composition of the initial dope and, to a lesser extent, in the composition of the coagulation bath. Thus, a number of dope compositions that yield spinnable solutions were reported, such as saturated ammonium sulfate solution, 19 concentrated orthophosphoric acid, 20 concentrated aqueous solution, 21, 22 hexafluoro-2-propanol, 23 ' 24 hexafluoroacetone hydrate, 25 formic acid, 26, 27 ionic liquids, 28, 29 and N-methyl morpholine oxide. 30 However, the production of regenerated silkworm silk fibers has represented an extremely painstaking effort, as reflected by the poor tensile properties reported by most studies. 22, 27, 30, 31 It was only after introducing subsequent changes in the basic wet-spinning process, especially related with the introduction of modified postspinning drawing processes, when the first reports of the production of high performance regenerated silkworm silk fibroin fibers with properties comparable with those of the natural material were found.
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The availability of high performance regenerated fibers allows gaining a deeper understanding on the essentials of the spinning process by simply correlating the microstructure and tensile behavior of the fibers with the processing conditions under which they are spun. Following this rationale, we present here a systematic study on regenerated fibers subjected to immersion post-spinning drawing (IPSD). 34 The microstructure and tensile properties of fibers spun under different conditions are characterized, so that the range of conditions that yield high performance fibers can be identified. Besides, under these processing conditions, the appearance of supercontraction 36, 37 jointly with the existence of a ground state 37, 38 is assessed.
EXPERIMENTAL PROCEDURES
Spinnable dopes of silkworm silk fibroin obtained from the cocoons were prepared as described in detail elsewhere. 30, 34 Silk fibroin concentration was fixed to 17% (w/w) with respect to the solution. Regenerated silkworm silk fibers were spun from the dopes with a dry-jet wet-spinning line composed of an extrusion unit, a coagulation bath, a take-up spool, an immersion postspinning drawing bath, that consists of a bath of water in which the spun fiber is subjected to postspinning drawing, and finally a collecting spool as shown in Figure l . 34 Silk fibroin solutions were extruded at 90°C and at fixed rate V 0 = 4 m/min through a 100-jUm hole spinneret with 50 mm of air gap into a coagulation bath of methanol. The coagulated thread was further stretched in the immersion postspinning drawing bath and finally collected on the roller. Each batch was characterized by two processing parameters: the ratio of the take-up speed (FJ to the extrusion speed (V Q ) denoted as DR X (DR X = V-L/VQ), and the ratio of the roller speed (V 2 ) to the take-up speed (FJ denoted as DR 2 (DR 2 = F 2 /^i) (see Fig. 1 ). «t-<wyvy FIGURE 1 Postspinning drawing conditions of the samples presented in this work. DR-, is defined as the ratio between take-up speed and extrusion speed (DR-, = l*VW>) and DR 2 is defined as the ratio between postspinning drawing speed and take-up speed (DR 2 = V 2 IV^). The processing route is schematically shown, and the velocities that define the process are illustrated.
Two kinds of IPSD samples were considered: the as spun (AS) fibers, collected from the spinning line, and the maximum supercontracted (MS) samples, that were obtained from AS specimens through a supercontraction process. The supercontraction process proceeded as explained elsewhere 39 : AS samples were immersed in water for 24 h, allowed to contract freely and dried overnight. The percentage of supercontraction %SC is defined as 100 x (L 0 -¿MS)/ L 0 , where L 0 is the initial length of the AS fiber and L MS its length after maximum supercontraction.
To measure the diameters of AS fibers, two small pieces (5-mm long) adjacent to both sides of each sample were retrieved, metallized with gold, and observed in a scanning electron microscope (SEM-JEOL 6300). The samples were observed at 10 kV and I = 0.06 nA. The cross-sectional area was computed assuming a circular cross-section and diameters at a given section of the fiber were calculated as the average of at least 10 measurements. MS cross-sectional areas were derived from AS ones under the hypothesis of volume constancy, a conventional assumption for the calculation of stresses in silks, 40 that was proven for major ampullate gland silk. 41 The constancy of volume after supercontraction in IPSD fibers was further validated by comparing the diameters of supercontracted fibers with those of adjacent fibers and by taking into account the reduction in length. True stresses were calculated under the hypothesis of volume constancy during the tensile test.
To measure the mechanical properties, samples from the different batches were mounted on perforated cardboard cards. Each sample was glued across a rectangular hole, to give a gauge length of 25 mm and tensile tested, as reported elsewhere. 42 An electronic balance (AND 1200G; resolution 0.1 mN) under the lower grip was used instead of a conventional load cell to measure force. The crosshead was moved with a constant and fixed rate equal to 2 mm/min and the measurements were performed at 25°C and 35% relative humidity. At least four samples from any given batch and condition (AS or MS) were tensile tested.
To determine microstructural parameters, synchrotron radiation microdiffraction experiments were performed at the ESRF-ID13 beamline using an RJI X 1 fan 2 monochromatic beam from crossed mirrors at a wavelength of 0.09614 nm, as explained in detail elsewhere. 34, 43 A minimum of 20 observations were made on each sample, X-ray diffraction (XRD) patterns of hydrated samples were obtained by using a closed humidity cell with mica windows. Humidity saturation conditions were defined at room temperature (?s 20°C) by observing excess of water condensed in the cell. XRD data were used to study the unit cell of the fibers, their crystallinity the sizes of the nanocrystals, and their orientation with respect to the fiber's macroscopic axis. 44 Crystallinity was determined from / = EI B /(2IB + I sr ) where SI B is the sum of intensities of Bragg peaks and 7 sr is the short-range order background. 43 The particle size was determined by Scherrer's equation L = (0.9 X)/(Bcos©) where X is the wavelength, B the radial width (fwhm) and © the Bragg angle. 45 L corresponds to a lower size limit for coherently scattering crystallites. Finally, the orientation of the nanocrystals was measured by the degree of orientation defined as f c = (3<cos 2 c[) 1 >-l)/ 2, where <cos 2 c[) 1 > is determined from the azimuthal broadening of the equatorial 210/100 reflections. 46 The birefringence of IPSD fibers was measured using a polarizing microscope Reichert with crossed polars fitted with an Ehringhaus compensator. IPSD fibers were placed on a glass slide and the measurements were done in air. The angle of retardation was measured and converted to birefringence (An). The average birefringence values were the result of at least five measurements in different points along the fibers. Figure 1 outlines the whole range of processing conditions analyzed in this work. Each batch is labeled by the pair DR^DRJ, where DR 2 is the ratio of the postspinning drawing speed and the take-up speed, and DRx (number in parenthesis) is the ratio between the take-up speed and the extrusion speed. The choice in the format of the label is dictated, as it will be clear from the data presented below, by the importance of DR 2 in the behavior of the fibers. As it is also indicated in Figure 1 , there is a range of inaccessible conditions at high postspinning drawing speeds due to the limitation in the maximum velocity that the fibers could withstand during spinning without breaking. As it is apparent from Figure 1, the batches studied in this work essentially cover the whole range of accessible processing conditions.
RESULTS AND DISCUSSION

Mechanical Behavior of AS IPSD Regenerated Silk Fibers
Representative true stress-true strain curves of samples in the AS condition retrieved from the batches produced with different postspinning drawing and take-up speeds are shown in Figure 2 and their main mechanical parameters are outlined in Table 1 . A general tendency to significant increases in the elastic modulus and tensile strength with increasing postspinning drawing ratio, DR 2 , is observed in Figure 2 , although isolated deviations from this tendency are observed in the samples spun at low take-up speed [batch 7.2(0.2)]. Strain at breaking shows a less identifiable trend, probably indicating that both DR1 and DR2 influence the value of this mechanical parameter. In contrast, the diameter of fibers seems to be especially sensitive to the take-up speed, V lt as indicated by the increase diameter of fibers spun at low DRx ratios (low FJ. This correlation, however, is not perfect, indicating that the postspinning drawing ratio, DR2, must exert some influence on this geometrical parameter. As it had been reported in previous works, 31 fibers spun at low postspinning drawing speeds show a brittle behavior with a very low strain at breaking, and ductility tends to increase in samples spun at higher postspinning drawing ratios.
Contraction and Tensile behavior in Water
Although the tensile properties shown in Figure 2 are remarkable for regenerated fibers, probably the most striking feature of IPSD fibers is the existence of a supercontraction effect as reported previously, 34 and described in detail below. Supercontraction was first identified in the silk spun from the major ampullate gland of spiders as a significant reduction in the length of the fiber when immersed unrestrained in water. 36 The tensile properties of supercontracted fibers 8.7 ± 0.6
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E, elastic modulus; au, tensile strength; EU, strain at breaking; Wf, work to fracture measured as the area under the stressstrain curve.
The first number of the spinning conditions indicates the postspinning drawing ratio, DR2, and the number in parenthesis indicates the take-up ratio, DRn.
tested in water were found to correspond to that of an elastomer, 47 characterized by a very low initial elastic modulus and an increase in stiffness with increasing deformation. It was later acknowledged that supercontraction was the most evident mark of a characteristic property of spider silk: the existence of ground state 37 to which the fiber can revert through a supercontraction process independently from its previous loading history. 38, 39 This finding has suggested a redefinition of the concept supercontraction, 48 which is now defined by the existence of a ground state, and not by a contraction in water beyond a given limit, since some silk fibers contract when immersed in water but do not recover.
Samples from all of the studied batches (no data were obtained for the batch 0.9(0.3), since all fibers broke during the supercontraction process) were observed to reduce their length upon immersion in water down to ~12% of its initial length [mimimum value 11% for batch 1.7(4.4), maximum value 14% for batch 7.2(0.2)]. The reduction in length was observed to increase further upon drying as shown by the values of the total percentage of supercontraction presented in Table 2 . The true stress-true strain curves of IPSD fibers when immersed in water are shown in Figure 3 (a). It seems that the strain at breaking decreases and the tensile strength increases with increasing postspinning drawing ratio, DR 2 , up to DR 2 = 5.2. It is also apparent that for postspinning drawing ratios equal or higher to 4.0 only small differences are exhibited by the fibers in terms of their tensile properties in water. 
Tensile Properties of MS Fibers
As indicated above, contraction in water by itself does not 49, 50 To necessarily imply the existence of a ground state assess the existence of a ground state it is possible to check a number of properties, one of the most evident being the significant change in the tensile properties of supercontracted fibers compared with those observed in the AS condition. 3) because the brittleness of these fibers led to its breaking before the supercontraction process could be completed. Comparison with the behavior of the fibers in the AS condition presented in Figure 2 shows that immersion in water leads to significant changes in the properties of the fiber, as shown in Figure 4 (b).
The percentage of total contraction, that is, contraction after immersion and subsequent drying, is indicated in Table 2 . As it was mentioned above, contraction proceeds in two steps: an initial contraction in water and an additional contraction after overnight drying. The dimensional variation between wet and dried fibers was previously found in regenerated fibers, 50 and explained by the swelling that results from the penetration of water molecules in the structure of the fiber. The total percentage of supercontraction (%SC) exhibited by the fibers is close to %SC ?s22% for all batches.
From the results presented in Figure 4 , it is apparent that the tensile properties of the MS samples can be grouped into two regimes related with the processing conditions. The mechanical behavior exhibited by the batch 1.7(4.4) indicates that, at given combinations of low postspinning drawing ratio and take-up speed, the immersion step does not exert significant influence on the tensile properties. Samples that belong to this group do not show appreciable differences between the AS and the MS conditions.
The other regime is exhibited by batches with high postspinning drawing ratios, which show an increase in the strain at breaking and a region at large deformations where the slope of the stress-strain curve increases with strain. Although there are slight differences in the values of the tensile strength and strain at breaking of the different batches that belong to the second regime, their combination yields a work to fracture of W f RJ 54 MJ/m 3 in all cases. This is a significantly high value that compares well with that reported for natural Bombyx morí silk fibers W¡ ?s50-60 MJ/m. 3, 51, 52 Batch 1.7(3.6) illustrates the limit between both regimes. The limiting behavior is characterized by the increase in the strain at breaking of samples in the MS condition, but the tensile strength is similar to the yield stress (i.e., the stress at the end of the initial linear region of the curve), so that no increase in the slope of the stress-strain curve at large deformations is observed. The limiting character of the batch The first number of the spinning conditions indicates the post-spinning drawing ratio, DR2, and the number in parenthesis indicates the take-up ratio, DRn.
1.7(3.6) and its close dependence on the detailed processing conditions is highlighted by the large standard deviations in the strain at breaking observed in the samples of this batch both in the AS and in the MS condition as indicated in Tables 1, 2 , and 3.
Existence of a Ground State
As previously mentioned, the essential feature of a ground state is the possibility that the fiber can always revert to this state independently from the loading history of the sample. Besides, the mechanical properties of fibers with a ground state can be accurately tailored with a simple process. 38 The ground state is reached after subjecting the fiber to a maximum supercontraction process, and represents the most compliant condition of the material. 37 Figure 5 shows recovery tests 39 on samples from two different batches: 4.0(1.6) and 1.7(3.6). Recovery tests proceeded by stretching in air up to a predetermined length fibers in the MS condition. After stretching, the fiber was subjected to a new supercontraction step and tensile tested after drying. If the curves obtained from both processes concur, the fiber was said to recover from otherwise irreversible deformation. Figure 5 shows that samples from both batches recover and, consequently, present a ground state. Following previous discussions, 34 the existence of a ground state to which the fiber can revert distinguishes genuine supercontraction from the simple contraction in water.
An outstanding consequence of the existence of a ground state is that the properties of the material can be modified in a predictable and reproducible way. Thus, it has been found that the wide range of tensile properties exhibited by spider silk fibers 53 can be replicated at will by simply stretching in water fibers in the MS condition up to the chosen length and drying subsequently, in a process known as wet stretching. 38 MS condition simply corresponds to the limiting case in which the fiber is not stretched. Figure 6 presents the true stress-true strain curves of samples from the batch 5.3(0.3) subjected to different wet stretching processes. Each process was characterized by its alignment parameter, a., defined as a. = L C /L MS -1, where L MS is the length of the fiber after maximum supercontraction and L c is the length of the fiber after wet stretching, a. ranges from a. = 0 [MS condition) to a. = 0.28 (AS condition). It is evident that the strain at breaking and the compliance of the samples decreases monotonically with increasing values of the parameter of alignment.
Microstructural Analysis
The XRD patterns of IPSD regenerated fibers of the batch 7.2(0.2) in the AS, MS-dry condition-(MS), MS in a water saturated environment (MS-hydrated), and of the batch 1.7(3.6) in the AS condition are shown in Figure 7 , and their main microstructural parameters are presented in Table 4 . The microstructural patterns obtained from the XRD patterns are presented in Table 1 . All regenerated fibers show the same reflections that can be indexed for the same orthorhombic unit cell as Bombyx morí silk fibers. 54 The orientation of the equatorial 210-reflection indicates that the protein backbone is oriented along the macroscopic fiber axis.
The crystallinity of the batch 7.2(0.2) in the AS condition was estimated as 20% and remained practically unchanged in both the MS and MS-hydrated conditions. Despite differences in the processing conditions, the crystallinity of the batch 1.7(3.6) yields a very similar value of 22%. These values of crystallinity are comparable with those reported for spider silk (crystallinity RJ 10-15%) SS and considerably smaller than those found in natural Bombyx morí silk fibers, 56-65 %. 7, 43 From the radial profile of the 010/210-reflections, particle sizes in the nm-range were obtained (Batch 7.2(0.2): AS: 3.0 nm, MS: 2.7 nm, MS-hydrated: 2.8 nm; Batch 1.7(3.6): AS: 2.4 nm). These dimensions are similar to nanodomains observed for natural Bombyx morí, 4,3 although a significantly larger dimension along the hydrogen-bonded [210]-direction as for natural Bombyx morí silk is not observed. The 200-reflection is located in the lower-Q tail of the 210-reflection and the determination of peak broadening and hence particle size is less precise. The first number of the spinning conditions indicates the post-spinning drawing ratio, DR2, and the number in brackets indicates the take up ratio, DRi.
The degree of orientation, f a was determined from the analysis of the azimuthal intensity profile of the 210-reflection. 44 The results show that the degree of orientation is similar for all the conditions. The values of the degree of orientation are comparable with that reported for the major ampullate gland silk of Nephila spiders, 5657 and significantly lower than that measured for Bombyx mori samples under similar experimental conditions. 43 The comparison of the degrees of orientation of the samples AS, MS, and MS-hydrated of the batch 7.2(0.2) indicated that the nanodomains slightly lose their alignment along the fiber axis during supercontraction. A similar loss of alignment was described for supercontracted spider silk fibers. 58 It is also found that the degree of orientation of the MS-hydrated fiber is larger than that of the MS-dry condition-sample.
The microstructural analysis of the samples was completed with birefringence data. Birrefringence conveys information on the anisotropy of the samples, although it does not allow discriminating between the orientation of chains in the crystalline and amorphous fractions. The results of the birefringence measurements on AS and MS conditions, presented in Table 5 , indicate that the overall alignment of the protein chains decreases in the MS conditions, in agreement with the loss of alignment of the nanodomains observed in XRD data.
Besides, a tight correlation can be established clearly between birefringence and tensile properties in the MS condition. Thus, samples of the batch 1.7(4.4), characterized by a small strain at breaking and tensile strength, show the lowest value of birefringence (An = 0.019). In contrast, all batches spun at postspinning drawing speed larger than 4.0, characterized by large strain at breaking and tensile strength, show comparable values of birefringence (An % 0.036). The batch 1.7(3.6) shows an intermediate value of birefringence in correspondence with its intermediate tensile behavior characterized by a relatively large strain at breaking, but a low increase in its tensile strength.
FINAL COMMENTS AND CONCLUSIONS
The present data demonstrate that immersion postspinning drawing (IPSD) yields high performance regenerated fibers under a wide range of processing speeds. Besides, it is shown that immersion postspinning drawing is a critical step in this process, as fibers postspinning drawn in air or, even if immersed in water, not sufficiently stretched (i.e., fibers spun at low values of DR 2 ) only show marginal improvements, if any, in their mechanical behavior (see Fig. 2 ).
Consequently, identifying the effect that immersion postspinning drawing exerts on initially very brittle fibers, turning them into tough fibers endowed with additional properties appears as the critical point of this work. In this regard, Figure 8 compares the tensile behavior and the basic microstructural features of samples subjected to the different postspinning steps, and is intended to help in the following discussion.
Regenerated brittle fibers are obtained if no postspinning drawing is applied. The analysis by atomic force microscopy showed that brittle samples present a homogeneous microstructure characterized by nanoglobules, which are smaller than those found in natural silkworm silk fibers.
The introduction of a postspinning drawing step in air led to an increase in ductility in the fibers, as illustrated in Figure  8 . Besides, the microstructural analysis by AFM 59 revealed that the ductile fibers showed a heterogeneous microstructure composed of two phases, in contrast to the homogeneous organization observed in brittle regenerated fibers 59 and in natural silk fibers. 60 In addition, one of the phases was comparable in terms of the size of the nanoglobules with that observed in brittle fibers. The emergence of a second phase with smaller microstructural details was consistent with a new organization of the fibroin proteins induced by the postspinning drawing step. The presence of large areas with the original microstructure (i.e., that observed in brittle samples) suggested that the transition between both microstructures was not completed during the postspinning drawing step in air.
In contrast, the microstructure of IPSD fibers appears homogeneous when observed by AFM 34 both in the AS and MS conditions, indicating that the incipient transformation during postspinning drawing in air is completed if the postspinning proceeds with the fiber immersed in water.
To identify the mechanism responsible for the microstructural changes induced by postspinning drawing, it is very revealing to compare the tensile behavior in water of the different sets of fibers tested. Brittle fibers showed a very different mechanical behavior when tested in water, 50 characterized by a large increase in ductility and a large drop in their tensile strength. In contrast, fibers subjected to a postspinning drawing step in air showed a large drop in their tensile strength, but no significant variation in their strain at breaking. It was further found that brittle fibers could reach the properties of the ductile fibers (i.e., spun with a postspinning drawing step) by simply stretching while immersed in water. 50 This way the tensile characterization in water revealed a close connection between both sets of fibers.
At this stage, it was proposed that the tensile behavior of regenerated fibers could be explained as the result of the combination of hydrogen bonding and a large number of entanglements, 61, 62 absent in natural silkworm silk. Under this assumption, brittle samples (i.e., spun without postspinning drawing) would present an extremely large number of entanglements which, in combination with strong hydrogen bonding, would prevent conformational changes of the protein chains under external loading. This hypothesis is consistent with the accepted models of the mechanical behavior of silk that predict the existence of an initial elastic regime, in which the hydrogen bonds between chains in the amorphous matrix are sequentially broken, 62 followed by the unfolding of the secondary structures 63 and the increase in the load supported by the nanocrystals. 64 These two latter mechanisms are supposed to be responsible for the large strain at breaking reached by natural silks.
In this context, the behavior of brittle regenerated samples would be the result of the quick building up of stresses in largely immobilised chains. Since the chains are not free to unfold from the conformation reached during processing, the breaking of the material would occur at low strains. When the brittle fibers are immersed in water, hydrogen bonds would collapse and the chains would be allowed to sustain conformational changes without reaching large stresses. This model is compatible with the increase in the strain at breaking and with the decrease of the tensile strength observed in brittle fibers tested in water. Under this hypothesis ductility in fibers subjected to postspinning drawing would be related to an improved organization of the protein chains, that allows larger conformational changes in the proteins. However, the microstructural analysis by AFM shows that this improved organization can only be reached in some regions of the fiber, while the others would keep their initial organization. Thus, it is natural to argue that the role of water during the immersion postspinning drawing step is to increase the mobility of the protein chains during processing, so that this improved organization extends throughout the fiber. A similar mechanism has been proposed to explain the increase in tensile strength and strain at breaking in fibroin films subjected to uniaxial stretching. 65 In this case, it was hypothesized that the increased extensibility of regenerated silk fibroin films was the result of the disentangling of fibroin chains during the stretching step.
The microstructural data presented above from birefringence and XRD data render significant support to this hypothesis, as it was found that high performance is associated with an improved alignment of the fibers along the macroscopic axis of the fiber. Besides, this improved alignment can be assigned to the amorphous matrix, as the basic features of the nanocrystals remain essentially unchanged in the range of processing conditions explored. Consequently, the crystalline and amorphous fractions of the fiber seem to be affected by different processing parameters. The independence of the parameters that define the crystalline fraction from postspinning processing indicates that the crystalline fraction is most likely 66 fixed in the initial steps of fiber formation. Consequently, it is likely to assume that modifying the crystalline fraction of the fibers would require major changes in the composition of the dope and in the flow conditions during spinning. In this regard, it is of critical importance that the wet-spinning process allows reaching adequate values of the crystalline parameters, as it has been found that the size of the nanocrystals 67 is essential for the optimum tensile behavior of silk fibers. The crystalline fraction is not observed to undergo variations during supercontraction or stretching as shown in Table 4 , so that these processes only cause the rotation of the nanocrystals. Spider silk is thought to exhibit a similar behavior since nanocrystals can rotate, but the crystalline fraction does not seem to be altered. 68 Consequently, the evolution of the mechanical properties from brittle to high performance fibers is consistent with microstructural changes that occur in the amorphous regions, in particular an increase in the mobility of the protein chains. In this regard, the increase in the strain at breaking in the intermediate 1.7(3.6) batch is compatible with the initial regime of an elastomeric behavior, in which large strains are reached at low forces. This result is also supported by the mechanical behavior of the brittle fibers in water which shows that upon collapse of interchain hydrogen bonds, silk proteins are able to sustain considerable stretching, but under very low loads. In contrast, high performace fibers show a monotonic increase of stress with strain at large deformations, which is responsible for the high work to fracture reached by these fibers [see Fig. 4(b) ]. This behavior is compatible with the increase in stiffness characteristic of elastomeric polymers that can reach a regime of moderate to large strains.
In conclusion, the analysis of regenerated silk fibers casts light on several aspects of the processing route and on its relationship to the microstructure and properties of the fibers, which can be outlined as follows:
1. Immersion postspinning drawing (IPSD) provides a reliable processing route for the production of high performance regenerated fibers under a variety of experimental conditions in terms of take-up and postspinning drawing speeds. 2. Values of the work of fracture measured from IPSD fibers in the MS condition spun under a wide range of processing conditions are comparable with those of natural Bombyx mori silk, showing the reliability of the technique. However, the detailed behavior of IPSD differs from that of natural silkworm silk, since tensile strength is lower and strain at breaking is higher compared with the natural material. 3. High performance in IPSD fibers is associated with an improved organization of the protein chains, reflected by an increased alignment of the chains along the macroscopic axis of the fiber. 4. All IPSD fibers contract in water, but only in high performance fibers spun at sufficient postspinning drawing speeds this effect is associated with the existence of a ground state, that is, a state to which the fiber can revert independently from the previous loading history. The crystalline fraction does not vary during contraction, but nanocrystals rotate to an extent that correlates with the percentage of supercontraction. 5. All the results are consistent with the assumption that the high mobility of the protein chains during immersion in water, combined with the stresses generated during postspinning drawing yield an improved arrangement of the chains and a reduction in the density of entanglements in the amorphous region. In contrast to regenerated fibers subjected to postspinning drawing in air, immersion in water allows this process to be completed homogeneously within the fiber.
